Itch, an unpleasant sensation associated with the desire to scratch, is symptomatic of dermatologic and systemic disorders that often resist antihistamine treatment. Histamine-independent itch mediators include serotonin (5-HT) and agonists of the protease-activated receptor-2 (PAR-2). We used behavior, Fos immunohistochemistry, and electrophysiology to investigate if these mediators activate spinal dorsal horn neurons in a manner consistent with itch. Intradermal (id) injection of the PAR-2 agonist SLIGRL-NH2 in the rostral back evoked bouts of directed hind limb scratches over 20-30 min. Hind paw injection of SLIGRL-NH2 produced Fos staining in superficial dorsal horn which was then targeted for single-unit recording. Small id microinjections of SLIGRL-NH2 or 5-HT identified responsive single-units in the superficial dorsal horn of mice anesthetized with pentobarbital. Thirty-eight units characterized as wide dynamic range (WDR), nociceptive specific (NS), or mechanically insensitive, exhibited significantly increased firing after id SLIGRL-NH2 for 9 min, with partial (25%) tachyphylaxis upon repeated injection. A majority additionally responded to 5-HT (70%), mustard oil (79%) and capsaicin (71%). Seven units isolated with the 5-HT search stimulus exhibited significant and prolonged responses to 5-HT with tachyphylaxis to repeated injections. The majority also responded to SLIGRL-NH2, mustard oil and capsaicin. The prolonged responses of superficial dorsal horn neurons to SLIGRL-NH2 and 5-HT suggest a role in signaling itch. However, their responsiveness to algogens is inconsistent with itch-specificity. Alternatively, such neurons may signal itch, while noxious stimulus levels recruit these and a larger population of pruritogen-insensitive cells to signal pain which masks or occludes the itch signal.
INTRODUCTION
Chronic itch is a common clinical problem associated with a variety of dermatologic conditions such as atopic dermatitis, as well as kidney and liver disease (Ikoma et al., 2006) . Itch is often poorly controlled by antihistamines (Twycross et al., 2003) and there is a pressing need for improved treatments of chronic itch. The protease-activated receptor -2 (PAR-2) has been implicated in pain and inflammation (Cottrell et al., 2003; Dai et al., 2004) as well as itch (Steinhoff et al., 2003) . PAR-2 agonists elicit dose-related scratching in mice (Shimada et al., 2006; Ui et al., 2006; Iodi Carstens et al., 2008) consistent with a role for PAR-2 in peripheral itch transduction. PAR-2 may represent a non-histaminergic mechanism of itch, offering a novel target for development of antipruritic treatments. The bean plant, cowhage, has pods with spicules containing a protease, mucunain, that induces itch without flare when applied to human skin (Johanek et al., 2007) and excites C-polymodal nociceptors (Namer et al., 2008) .
Mucunain was recently shown to act at PAR-2 and PAR-4 (Reddy et al., 2008) . By contrast, histamine, the prototypical itch mediator in human skin, induces a local flare and itch sensation via activation of mechanically insensitive C-fibers (Schmelz et al., 1997) which in turn contact histamine-responsive spinothalamic tract (STT) neurons in the superficial spinal dorsal horn (Andrew & Craig, 2001 ) that transmit itch signals to higher centers. Furthermore, itch evoked by histamine and cowhage may activate separate subpopulations of primary afferent C-fibers (Namer et al., 2008) and STT neurons (Davidson et al., 2007) . Since most behavioral studies of itch mechanisms utilize mice, we investigated if a PAR-2 agonist activates neurons in superficial laminae of the murine spinal cord dorsal horn in a manner consistent with a role in signaling itch.
Serotonin (5-hydroxytryptamine, 5-HT) is another inflammatory mediator that elicits dosedependent scratching behavior in rats (Thomsen et al., 2001; Jinks & Carstens, 2002; Nojima & Carstens, 2003a,b; Nojima et al., 2003) and mice (Yamaguchi et al., 1999; Cuellar et al., 2003) . Intraplantar injection of 5-HT elicits dose-related and naltrexone-sensitive biting and licking directed to the injection site, but not limb scratching (Hagiwara et al., 1999) . This suggests that itch in distal extremities is associated with biting, gnawing or licking which may substitute for scratching to relieve itch, and justifies investigating itch mechanisms in lumbar neurons receiving hind paw afferents. 5-HT excites rat superficial dorsal horn neurons over a prolonged time course matching scratching behavior, although most units also responded to algogenic stimuli (Jinks & Carstens, 2002) . We presently also investigated if 5-HT excites mouse superficial dorsal horn neurons in a manner consistent with itch. We employed a chemical search strategy (Jinks & Carstens, 2000 , 2002 to increase the likelihood of identifying neurons responsive to the PAR-2 agonist or 5-HT. We also tested their chemical selectivity by determining if they additionally responded to mustard oil and capsaicin which elicit sensations of burning pain rather than itch. An abstract of parts of this study has appeared .
METHODS
All experiments were conducted using adult male ICR mice (Harlan, Oxnard, CA) (25-52 g) under a protocol approved by the UC Davis Animal Care and Use Committee.
Fos expression
Mice were anesthetized with sodium pentobarbital (60 mg/kg ip). A unilateral intraplantar microinjection of SLIGRL-NH2 (50 μg in 5 μl of isotonic saline; Bachem, Torrance, CA) or vehicle (isotonic saline) was made, and the animal was perfused transcardially 2 hr later with phosphate-bufferedsaline followed by 4% paraformaldehyde as described previously (Merrill et al., 2006) . The lumbosacral spinal cord was removed and postfixed for 8 h, cryoprotected in a 30% sucrose solution, and cut in 50-μm sections. Every third section was washed and blocked in goat serum (3%) and then incubatedin primary c-Fos antibody (1:50,000; Arnel Products Inc., New York, NY) for 2 days. Sections were then treated with a secondarybiotinylated (goat-anti-rabbit) antibody followed by an avidin-biotin-peroxidase complex reaction enhanced with biotinyl tyramide/H 2 O 2 . Immunoreactivity was visualized using a nickel-enhanced diaminobenzidinereaction. Sections were mounted on slides, coverslipped and examined by a blinded investigator under the light microscope . Counts of cells in the superficial dorsal horn expressing Fos-like immunoreactivity (FLI) were averaged for 5 sections/animal, and between-group comparisons made by ANOVA.
Scratching behavior
Animals were habituated to the Plexiglas recording arena in 3 daily 1-hr sessions. They then received an intradermal (id) injection of SLIGRL-NH2 (50 μg/5 μl in isotonic saline) or vehicle (isotonic saline) in the rostral back and immediately placed in the arena and videotaped for 45 min, as described in a previous study . Tests using the same mouse were conducted at least 1 wk apart. Bouts of hindlimb scratching directed toward the injection site were counted in 5-min intervals. Spontaneous scratching was similarly counted in the same animals (no treatment). We used number of scratch bouts, rather than other parameters such as within-bout scratching frequency, because only counts of scratch bouts were significantly correlated with the concentration of the pruritic stimulus (Nojima & Carstens, 2003b) . In contrast, the within-bout frequency of individual scratches (~12 Hz in mice), and duration of scratch bouts (~1.5-3 sec) remained constant across various stimulus conditions and did not correlate significantly with stimulus intensity (Nojima & Carstens, 2003b) .
Electrophysiology
Anesthesia was induced with sodium pentobarbital (60 mg/kg ip) and maintained by constant infusion of pentobarbital through a jugular cannula at a rate sufficient to maintain areflexia. The lumbosacral spinal cord was exposed by laminectomy and the animal fixed in a stereotaxic frame as described previously (Cuellar et al., 2004) . A tungsten microelectrode (FHC, Bowdoin, ME) was driven into the spinal cord by hydraulic microdrive (D. Kopf, Tujunga, CA) to record extracellular single-unit activity which was amplified, digitized (Powerlab, AD Instruments, Colorado Springs, CO) and displayed on-line using Chart 5 software (AD Instruments).
A chemical search strategy (Jinks & Carstens, 2000 , 2002 was used to isolate units in the superficial dorsal horn. A 30 gauge needle connected to PE 10 tubing filled with either SLIGRL-NH2 (50 μg/μl in saline) or 5-HT (14 mM/μl in saline) was inserted id in the plantar skin. A small volume (~0.25 μl) was microinjected and the spinal recording electrode was advanced until a unit exhibiting ongoing firing was isolated. If no unit was isolated, the procedure was repeated at least 10 min later at a different site on the plantar surface, or on the opposite side. When an active unit was isolated, we then waited until firing decreased to zero or a steady low level over a period of at least 10 min, based on the assumptions that (a) the unit had a low level of activity prior to the search stimulus, (b) ongoing activity was due to injection of the search stimulus, and (c) stimulus-evoked activity would eventually decline to close to the pre-search level. SLIGRL-NH2 or 5-HT (1 μl) was then reinjected. The 1 μl injection volume was chosen consistent with our prior studies (Carstens, 1997; Jinks & Carstens, 2000 , 2002 , allowing repeated injections at the same site on the assumption that the small volume is rapidly cleared from the id injection site. Units exhibiting increased firing (>30% above pre-injection baseline) were studied further. In most cases, the same chemical (i.e., either SLIGRL-NH2 or 5-HT) was reinjected twice more at 10-min interstimulus intervals to test for tachyphylaxis. Then, the injection needle was removed and replaced with another one for microinjection of a different chemical. In most (n=54) experiments units were searched with SLIGRL-NH2 and tested usually with 3 (but occasionally 2, 4 or 5) successive injections, followed by 3 successive microinjections of 5-HT. In some experiments (n=17) 5-HT was used as a search stimulus and the same stimulus sequence was followed in reverse order.
After completion of testing with SLIGRL-NH2 and 5-HT, unit receptive fields were mapped using mechanical (touch-pressure) stimuli. Since we used a chemical search strategy it was not possible to assess mechanical or thermal sensitivity before the pruritogen search stimulus was injected. This approach also avoided any potential effects of the physical stimuli on pruritogenevoked neuronal activity. Units were classified as wide dynamic range (WDR) if they responded to heat and responded at higher firing rate to pinch than light touch. They were classified as nociceptive specific (NS) if they responded to pinch (and often also noxious heat) but not light touch. Two units were mechanically insensitive. An array of additional mechanical, thermal and chemical stimuli was then delivered. Mechanical stimuli included light brushing with a cotton wisp, pinch with forceps, and graded mechanical indentation with a series of calibrated von Frey filaments (usually 4, 12 and 76 g). Thermal stimuli included brief (10 sec) increases in temperature up to 44-54°C, or cooling down to 0 °C, from an adapting temperature of 34 °C, delivered by a computer-controlled Peltier thermode (Physitemp NTE-2A, Clifton, NJ). Chemical stimuli included isotonic saline (1 μl id; vehicle control), mustard oil (75% in mineral oil, delivered topically in a 2 μl volume), capsaicin (3.3 mM/1 μl), and in a few experiments histamine (1%/1 μl). Mechanical and thermal stimuli were always tested prior to other chemical stimuli; mustard oil was usually applied prior to capsaicin but in a few experiments the order was reversed.
Unit action potentials were counted using Chart software. Unit activity was usually quantified as number of action potentials/min and displayed in peristimulus-time histogram (PSTH) format with 1 sec bins. Group responses at 1-min intervals following a given stimulus were compared with activity 1 min prior to the stimulus by repeated-measures ANOVA (SPSS 9.0, Chicago IL), with p< 0.05 set as significant.
At the conclusion of recording, an electrolytic lesion was made. The spinal cord was fixed in 10% buffered formalin, and 50 μm sections were cut and mounted on slides for microscopic verification of the lesion site.
RESULTS

Spinal Fos expression
We initially used Fos expression to identify locations of lumbar neurons activated by intraplantar microinjection of the PAR-2 agonist SLIGRL-NH2. Fig. 1 shows a typical example of FLI located superficially in laminae I-II. No FLI was observed in the contralateral dorsal horn. Counts of FLI in the ipsilateral superficial dorsal horn following SLIGRL-NH2 were significantly greater compared to vehicle (saline)-treated controls (PAR-2 agonist: mean 15.28 per section +/− 2.25/[SEM]; saline: 1.1 per section +/− 0.97, respectively, p< 0.05) the low number of which was similar to that observed in our previous study (Merrill et al., 2006) .
Scratching behavior
We and others (Shimada et al., 2006; Ui et al., 2006; Iodi Carstens et al., 2008) have shown that the PAR-2 agonist SLIGRL-NH2 elicits dose-related scratching. Fig. 2 shows comparable time courses of neuronal ( Fig. 2A) and behavioral (Fig. 2B ) responses to id injection of SLIGRL-NH2 over a 20 min period. The superficial dorsal horn unit shown in Fig. 2A additionally responded to capsaicin (right-hand PSTH). Fig. 2B shows the time course of scratch bouts elicited by id injection of SLIGRL-NH2 (50 μg) into the nape of the neck, along with vehicle-evoked and spontaneous scratching. The total number of SLIGRL-NH2-evoked scratch bouts was significantly greater compared to vehicle or untreated (spontaneous scratching) conditions (p<0.01, p<0.05, respectively).
Electrophysiology: PAR-2 agonist search
Unit characterization-We then targeted the superficial dorsal horn using a chemical search strategy to identify units responsive to SLIGRL-NH2. Thirty-eight of 54 (70%) units responded to a second id injection of SLIGRL-NH2 given >10 min later. Of these, 68% were classified as wide dynamic range (WDR) type, 27% as nociceptive-specific (NS), and 5% were mechanically insensitive (Table 1 ). The majority of units additionally responded to noxious heating, cooling and other irritant chemical stimuli (Table 1) . It should be cautioned, however, that mechanical and thermal responses might have been affected by prior application of the PAR-2 agonist which was unavoidable using our search strategy. A typical example of a unit responsive to all irritant chemical stimuli is shown in Fig. 3 . Most unit recording sites were in the superficial dorsal horn based on micrometer depth (mean 189.1 μm +/− 24.8 SEM) and histologically indentified recordings sites were mainly in lamina I (Fig. 4B, inset) .
SLIGRL-NH2-Responses to SLIGRL-NH2 usually consisted of an initial high-frequency component adapting to a steady-state level that sometimes persisted for 10 min or more (Figs.  2A, 3A ). Fig. 4A shows averaged responses of 18 units to 3 repeated injections of SLIGRL-NH2. Following the first injection, the mean firing rate increased significantly relative to preinjection baseline (F 1,17 = 58.8, p<0.001) out to 9 min post-injection (Fig. 4A) . Following the second injection of SLIGRL-NH2, mean firing was significantly (p<0.001) elevated for 5 min (i.e., to minute 16 in Fig. 4A ) before returning to baseline. Following the third injection, mean firing was also significantly (p<0.001) elevated for 4 min (i.e., to minute 25 in Fig. 4A ). It is also apparent from Fig. 4A that the second and third responses to SLIGRL-NH2 were lower compared to the first, indicating tachyphylaxis. This is confirmed in Fig. 5 which plots individual (thin lines) and mean (thick line) unit responses to 3 successive injections of SLIGRL-NH2 at 10 min intervals. Most (but not all) units exhibited a lower response to the 2 nd vs 1 st injection and on average, the 2 nd response was significantly lower (by 24.8%) than the 1 st (p < 0.05, paired t-test) but did not differ significantly from the 3 rd response (Fig. 5) .
5-HT-Seventy percent of the PAR-2 agonist-responsive units tested also responded to id 5-HT (Table 1 ). Fig. 3B shows an individual unit's responses to 5 repeated injections of 5-HT at 10 min intervals. Responses were characterized by an initial high-frequency discharge followed by a prolonged period of elevated firing, with gradual tachyphylaxis to repeated injections. Fig. 4B plots mean responses of 6 units to repeated 5-HT. After each 5-HT injection the mean firing/min was significantly (p<0.5) elevated for the first minute. Successive responses to 5-HT decreased, indicating tachyphylaxis. When averaged over the 10-min postinjection period, the 2 nd 5-HT response was significantly lower than the 1 st (p<0.001) and the 3 rd was significantly lower than the 2 nd (p<0.001).
Other stimuli-The majority of units additionally responded to the other mechanical, thermal and chemical stimuli tested (Table 1 ). Fig. 4C shows mean responses of SLIGRL-NH2-responsive units to additional stimuli. Both mustard oil and capsaicin elicited significant increases in firing (p<0.01 and p<0.05, respectively) during the 1 st min post-injection compared to preinjection baseline. Similarly, brush and pinch stimuli both significantly increase firing averaged over 10 sec, and heating and cooling significantly increased firing over 30 sec, while saline did not significantly affect the firing rate.
5-HT search
Seventeen units were isolated using an id 5-HT search stimulus and 7 (41%) responded to subsequent injection of 5-HT (6 WDR, 1 NS). The mean recording depth was 172.8 μm +/− 36.4 (SEM) and histologically recovered sites were in lamina I (Fig. 4B inset) . Fig. 6A shows a WDR unit that responded to the initial 5-HT with a prolonged and variable increase in firing. It responded weakly to a second injection of 5-HT followed by variable prolonged activity. This WDR unit located in lamina I (Fig. 6C) responded with phasic, decrementing responses to repeated injections of SLIGRL-NH2 (Fig. 6B) and additionally responded to histamine, mustard oil and capsaicin (Fig. 6D ). Fig. 7A shows averaged responses of 7 units to 3 successive applications of 5-HT. Following the 1 st injection of 5-HT, mean firing/min was significantly greater for 9 min compared to the pre-5-HT baseline (p<0.01 for all time points). Following the 2 nd 5-HT injection, mean firing during the first min (min 11-12 in Fig. 7A ) differed significantly (p<0.05) from baseline activity preceding the initial 5-HT injection (min 0-1), but not from activity during the immediately preceding minute (min 10-11). This indicates that the increase in firing elicited by the first 5-HT injection had not completely returned to baseline before the second 5-HT injection was made. There was no significant increase in mean firing above baseline at any time following the 3 rd 5-HT injection. Fig. 8 plots individual (thin lines) and mean (thick line) responses to 5-HT. Mean activity following the 1 st and 2 nd 5-HT injections did not differ significantly from each other, with both significantly greater (p<0.05) than baseline (SA). Mean activity following the 3 rd 5-HT injection was significantly lower (p<0.05) compared the first and second 5-HT injections, and did not differ significantly from baseline (SA).
Most (80%) of the 5-HT-responsive units also responded to subsequent SLIGRL-NH2 (Fig.  6B ). Fig. 7B shows mean responses to 3 successive injections of SLIGRL-NH2. Mean firing/ min significantly increased for 2 min following the 1 st and 2nd injections (p<0.01), and increased for 1 min following the 3 rd injection (p<0.01) after which it decreased (p<0.05). When averaged over the 10-min post-injection period, mean responses to the 1 st and 2 nd injections of SLIGRL-NH2 were not significantly different while the 3 rd response was significantly lower compared to the 2 nd (p<0.001).
Averaged responses to the additional stimuli tested are shown in Fig. 7C . All 5-HT-responsive units tested also responded to mustard oil, capsaicin and noxious heat and 80% responded to cooling. Evoked responses averaged over 60 sec (mustard oil and capsaicin), 10 sec (brush and pinch) or 30 sec (heat and cool), were all significantly greater (p<0.05) compared to prestimulus baseline. Saline injection did not have any significant effect.
DISCUSSION
The present study identified populations of WDR and NS neurons in the superficial dorsal horn that exhibited prolonged responses to the PAR-2 agonist SLIGRL-NH2, as well as 5-HT, suggesting a possible role in the transmission of itch. However, the vast majority of these units additionally responded to noxious stimuli including mustard oil and/or capsaicin that are generally associated with burning pain rather than itch. These data are discussed in terms of the potential role of such neurons to signal itch vs. pain.
PAR-2
PAR-2 has been implicated in pain and inflammation (Cottrell et al., 2003; Dai et al., 2004) as well as itch (Steinhoff et al., 2003) . PAR-2 agonists elicit dose-related scratching in mice (Shimada et al., 2006; Ui et al., 2006; Iodi Carstens et al., 2008) consistent with a role in itch rather than pain, since scratching would tend to enhance pain and thus be avoided. The present data confirm recent studies showing that the PAR-2 agonist SLIGRL-NH2 induces Fos expression in murine superficial dorsal horn neurons (Dai et al., 2004; Nakano et al., 2008) , and extend them by showing electrophysiologically that a subpopulation of superficial neurons is excited by this agonist. Neuronal responses continued for 9 min on average and often longer. This contrasts with the shorter duration of capsaicin-evoked responses. However, mustard oil also elicited prolonged neuronal firing (Figs. 3C, 4C, 6D, 7C ) mitigating against the argument that itch is signaled by longer-duration (and possibly lower-frequency) neuronal firing as opposed to a shorter-duration (and possibly higher-frequency) firing pattern for pain.
Cowhage, a bean plant whose pods have spicules containing the protease, mucunain, induces non-histaminergic itch in human skin (Johanek et al., 2007) . Mucunain was recently shown to act at PAR-2 and -4 (Reddy et al., 2008) , and we speculate that cowhage excites peripheral sensory fibers expressing PAR-2 to, in turn, excite superficial dorsal horn neurons that signal itch from cowhage. Recent human microneurography studies indicate the existence of separate populations of histamine-and cowhage-sensitive primary afferent C-fibers. Histamine excites mechanically-insensitive C-afferents having widespread receptive fields over a time course matching concomitant itch sensation (Schmelz et al., 1997; Namer et al., 2008) , whereas cowhage excites mechanically-sensitive C-fiber polymodal nociceptors (Namer et al., 2008) . Interestingly, most of the cowhage-and histamine-sensitive fibers were also excited by capsaicin, consistent with our data on spinal neurons. Sub-populations of identified primate spinothalamic tract (STT) neurons responded to either histamine or cowhage, but not both (Davidson et al., 2007) consistent with the human C-fiber data, and nearly all histamine-or cowhage-sensitive STT neurons additionally responded to capsaicin. In monkey, many Cpolymodal nociceptors were excited by both histamine and cowhage while relatively few were additional activated by capsaicin . We are currently investigating if histamine and the PAR-2 agonist excite separate populations of mouse superficial dorsal horn neurons. In any event, the bulk of data suggests the existence of separate neural mechanisms and pathways for itch elicited by histamine vs. cowhage. Further investigation of these mechanisms is crucial to the rational development of strategies to interfere with itch transmission, particularly for the various types of clinical itch that are resistant to antihistamines.
Responses of monkey C-polymodal nociceptors and STT neurons (Davidson et al., 2007) to repeated application of cowhage did not exhibit significant tachyphylaxis. There was also no significant tachyphylaxis to scratching elicited by repeated injections of SLIGRL-NH2 at a 40 min interval (Iodi Carstens et al., 2008) , in partial contrast to the present data showing a significant 25% decrease in the mean response of superficial neurons to a 2 nd application of SLIGRL-NH2 (Figs. 4A, 5 ). If such neurons are involved in itch-related scratching, the 25% change in mean firing may be insufficient to be expressed behaviorally.
5-HT
A minority (41%) of units isolated by the 5-HT search stimulus responded to a second injection of 5-HT. Lack of neuronal response may be attributed to absence of input from 5-HT-sensitive afferents and/or tachyphylaxis. Indeed, neuronal responses exhibited significant tachyphylaxis to repeated 5-HT (Figs. 4B, 7A, 8 ) and we observed significant tachyphylaxis for behavioral scratching to repeated injection of 5-HT (authors' unpublished observations). Furthermore, the 5-HT search stimulus may have elicited prolonged activity since baseline firing was greater for units searched with 5-HT compared to SLIGRL-NH2 (SA in Fig. 8 vs. Fig. 5 ). Despite these limitations, several units responded to subsequent 5-HT indicating that tachyphylaxis was incomplete. In addition, there was no significant cross-tachyphylaxis between 5-HT and SLIGRL-NH2 since a high percentage of neurons isolated by each agent responded to the other one (Table 1 ; Fig. 7) . By the same reasoning, neither 5-HT nor SLIGRL-NH2 exhibited significant cross-tachyphylaxis to mustard oil or capsaicin.
Identification of itch-signaling neurons
A prerequisite for an itch-signaling neuron would be that it responds to the itch mediator over a time course matching that of itch sensation or related scratching behavior. Presently, superficial neurons exhibited significantly increased firing for 9-10 min following id injections of the PAR-2 agonist or 5-HT. However, scratching behavior persisted for 20-30 min following id injection of the PAR-2 agonist (Fig. 2B) (Hagiwara et al., 1999) similar to that of PAR-2 agonist-evoked scratching observed presently. Conceivably, the spinal neuronal response may initiate itch and scratching which are subsequently maintained by supraspinal mechanisms, even after spinal neuronal activity wanes. Thus, the present data are consistent with the possibility that pruritigenresponsive superficial dorsal horn neurons contribute to itch and the initiation of scratching.
The present search strategy was purposefully biased toward isolating chemosensitive units, allowing the identification of superficial dorsal horn neurons responsive to the PAR-2 agonist and 5-HT. This strategy should reveal neurons selectively responsive to the agent, if they exist. However, we found no neurons that responded exclusively to the PAR-2 agonist or 5-HT. Instead, the vast majority of units additionally responded to mustard oil and/or capsaicin, thus exhibiting broad tuning for algesic and pruritic mediators. This is consistent with our previous study of rat superficial dorsal horn units that responded to 5-HT over a time course consistent with behavioral scratching (Jinks & Carstens, 2002) . These units additionally responded to algogens mustard oil and capsaicin (Jinks & Carstens, 2002) . Similarly, approximately 50% of identified primate spinothalamic tract (STT) WDR and high-threshold neurons responded to id histamine, but nearly all additionally responded to capsaicin (Simone et al., 2004) . A more recent study from the same group found that sub-populations of superficial and deep dorsal horn primate STT neurons responded to histamine or cowhage, but not both (Davidson et al., 2007a) . In the study of cat lamina I STT neurons that responded to cutaneous application of histamine, 2 of 4 units tested also responded to mustard oil (Andrew & Craig, 2001 ). Thus, regardless of whether units are identified using an unbiased antidromic stimulation approach or a heavily biased chemical search strategy, the available data suggest that neurons selectively responsive to one chemical agent are rare and that the majority of spinal neurons responds nonselectively to multiple pruritic and algesic agents. These findings argue against the dominance of an itch-selective pathway, and suggest instead that itch may be signaled (at least partly) by chemically non-selective neurons. A population-coding mechanism consistent with the neurophysiologic data is illustrated in Fig. 9 . In this scenario, itch is signaled by the activation of subpopulations of spinal WDR and NS neurons responsive to both pruritogens and algogens. Noxious stimulation additionally recruits larger populations of pruritogen-insensitive WDR and NS neurons that signal pain while simultaneously masking or occluding itch sensation.
Pruritogen-evoked responses are also expected to be inhibited by scratching of the receptive field, but not by administration of the analgesic morphine which can induce or enhance itch (Carstens et al., 1997) . Consistent with this, scratching inhibited the ongoing activity of monkey STT neurons following id histamine and cowhage (Davidson et al., 2007b) . Moreover, systemic morphine did not reduce 5-HT-evoked scratching behavior or spinal Fos expression in rats, although it significantly reduced capsaicin-evoked spinal Fos expression (Nojima et al., 2003) . Systemic morphine (1 mg/kg) did not affect, while the μ-opioid antagonist naltrexone significantly attenuated, SLIGRL-NH2-evoked scratching behavior in mice (Iodi Carstens et al., 2008) . These observations further support a role for PAR-2 agonist-and 5-HT-responsive neurons in the central transmission of itch, and it will be of future interest to determine if such neuronal responses are modulated by opioid agonists and antagonists in a manner consistent with itch. Mean responses to pruritic and algesic stimuli for superficial dorsal horn units isolated using a PAR-2 agonist search strategy. A: PSTH of averaged response of 20 units to 3 successive id injections of SLIGRL-NH2 (50 μg/1 μl) at 10-min intervals. Error bars (gray): SEM. B: Mean responses of 6 SLIGRL-sensitive units to 3 successive injections of 5-HT. Inset to right: histologically recovered recording sites (o) compiled on mid-lumbar section. C: PSTHs of averaged responses of SLIGRL-NH2-responsive units to mustard oil (MO), capsaicin, mechanical and thermal stimuli, and id saline (vehicle control). Responses of lumbar superficial dorsal horn units to repeated id microinjections of SLIGRL-NH2. Thin lines plot each individual unit's spontaneous activity (SA, recorded for 1min × 10) and response to 3 repeated id microinjections of SLIGRL-NH2 at 10-min intervals. Thick black line connecting dots with error bars (SEM) shows mean of 18 units tested. *: Mean response to first injection of SLIGRL-NH2 significantly different from SA (p<0.05, ANOVA).#: 2nd and 3 rd responses to SLIGRL-NH2 significantly different from 1st (p<0.05); i.e., tachyphylaxis. 3rd mean response not significantly different from 2nd; 2nd and 3rd responses significantly different from SA. Individual example of responses of lamina I neuron isolated by 5-HT search stimulus (format as in Fig. 3) . A: responses to 5-HT (14 mM/1 μl), mechanical and thermal stimuli, and lack of response to saline. B: Successive responses to SLIGRL-NH2 (same unit as in A). C: lamina I recording site (upper) and intraplantar microinjection site (lower). D: responses to id histamine (1%/1 μl), topical mustard oil and id capsaicin. Responses to pruritic and algesic stimuli for superficial dorsal horn units isolated using a 5-HT search strategy (format as in Fig. 4) . A: Averaged response of 7 units to 3 successive id injections of 5-HT at 10-min intervals. B: Mean responses of units in A to 3 successive injections of SLIGRL-NH2. C: Responses of units in A, B to mustard oil, capsaicin, mechanical and thermal stimuli, and id saline (vehicle control). Population coding of itch vs. pain. Pruritogens excite primary afferent fibers which in turn excite WDR, NS and mechano-insensitive neurons in the superficial dorsal horn that transmit itch (left). Noxious stimulation excites nociceptors to recruit a larger population of pruritogeninsensitive spinal WDR and NS neurons that signal pain and simultaneously mask or occlude itch (right). 
